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Abstract 
Debond-on-demand adhesives are an emerging industrially important technology, 
allowing components and materials to be readily separated when required, facilitating 
recycling. Herein, a composite adhesive has been synthesized that can undergo 
hysteresis heating to debond-on-demand through direct exposure to an oscillating 
magnetic field. The adhesive is composed of a polyurethane continuous phase with 
commercial, unfunctionalized iron oxide particles as the filler (between 1 and 20 wt%). 2 
mg of the composite containing 8 wt% iron oxide particles was able to bond various 
surfaces including glass, wood, aluminium and polyvinyl chloride and support a static load 
of 100 grams. The composites were fabricated by melt processing which resulted in a 
relatively inhomogeneous dispersion of particles. The values of the Young’s modulus, the 
ultimate tensile strength, modulus of toughness of the adhesives were comparable to 
those exhibited by a commercial hot melt adhesive but relatively invariant over the series 
of composites examined. When subjected to hysteresis heating from an oscillating 
magnetic field, the rate of temperature increase was dependent on the loading level of 
Fe3O4. Debonding times decreased from approximately 5 minutes to less than 30 seconds 
exposure to the oscillating magnetic field as the Fe3O4 loading level increased from 1 to 
20%. These results will help guide the design of new debond-on-demand polymers that 





In recent years there have been significant efforts to produce adhesives with added 
functionality beyond the ability to securely bond materials.[1,2] For example, adhesives 
have been produced that can detect specific chemicals,[3] damage,[4] strain,[5] changes 
in temperature[6] or be activated under specific conditions.[7] Furthermore, responsive 
adhesives have been produced that exhibit the ability either to heal and rebond two 
surfaces after fracture or debond-on-demand in response to a specific stimulus.[8–10] A 
broad range of applications may be envisaged for healable and debondable adhesives, 
for example, in removable prosthetics,[11] dentures[12–14] or to facilitate recycling of 
complex multicomponent products including vehicles and mobile phones.   
The dynamic nature of specific covalent bonds[15,16] has been successfully used to 
introduce reversibility into adhesive materials.[9] For example, Michal et al. have taken 
advantage of disulfide bonds to make a reversible shape-memory[17] adhesive whereas 
Aubert employed Diels-Alder chemistries to generate an adhesive in which the debonding 
reaction occurs above 90 C.[18] In addition, Tang et al. have produced a dynamic vitrimer 
based on triazolium salts which proved to be an extremely high strength re-healable 
adhesive.[19]  
A conceptually distinct route to obtain the functionality required to produce debond-on-
demand adhesives is to exploit the inherent reversibility of supramolecular bonds.[20,21] 
Supramolecular materials typically contain relatively low molecular weight species that 
self-assemble into higher pseudo-crosslinked networks in the solid state.[22] The strength 
of the supramolecular interactions can be tuned by varying the structure of the 
supramolecular motifs at the molecular level, which can lead to predictable changes in the 
response of polymer in the solid state.[23–25] Furthermore, application of an appropriate 
stimuli results in real time, reversible changes in strength of the supramolecular bonds in 
the materials which has a dramatic effect on the physical properties (tensile 
strength/viscosity) of the bulk polymer. For example, hydrogen bonding,[23,26] π-π 
stacking[27,28] and metal-ligand bonds[8,29,30] have found widespread application as 
healable and self-healing materials.[27,28,31–33] In these systems, loss of strength 




pressure, temperature or UV radiation. Recently, our group has produced a rebondable 
adhesive, which harnessed the thermo-reversibility of a hydrogen bonded polyurethane 
(PU) but had the added functionality brought by the inclusion of a chemo-responsive 
monomer in the backbone of the polymer.[34,35] This adhesive underwent multiple 
bonding/debonding cycles in response to heat and/or force yet could also undergo 
irreversible reduction of adhesion after depolymerisation on contact with fluoride ions.  
A key factor in designing healable and debondable adhesives is the selection of the 
debonding stimulus because it will constrain the utility of the final adhesive.[36] Hot melt 
adhesives and their nanocomposites [37] can clearly undergo debonding if the adhesive 
can be heated to a suitable temperature. However, frequently this is not practical because 
the bonded region may not be accessible, or the bonded substrates not sufficiently 
thermally conductive or stable to achieve and maintain the temperatures required to melt 
the adhesive. In addition, although materials that respond to other stimuli such as UV 
radiation have been realised,[17] this stimulus can only be used in an adhesive setting if 
the bonded substrates are transparent at the appropriate wavelengths. For example, 
Kihara et al. took advantage of azobenzene photoisomerization and produced a 
rebondable adhesive which leaves substrate intact upon debonding as a result of no heat 
requirement.[38,39] However, the application of this adhesive is limited to situations where 
at least one of the bonded surfaces is transparent at the appropriate wavelength. This 
constraint precludes debonding of many common materials by UV/vis radiation (wood, 
metals, optically opaque polymers). 
An alternative method of transferring energy to a material is by the interaction of either 
ferromagnetic or conductive materials with an oscillating magnetic field (OMF), which can 
be readily produced by passing a suitable alternating current through an inductor of the 
correct geometry.[4,40,41] The mechanism of heat generation depends on the nature and 
size of the material the OMF is interacting with. For conductive non-ferrous/non-magnetic 
materials, heat is generated by the joule effect related to eddy currents that circulate within 
the material as a result of field coupling from the OMF directly to the material. The coupling 
efficiency and heating effect achieved is highly dependent on the frequency and field 
density of the OMF in relation to specific physical properties and homogeneity of the 




into such an OMF then hysteresis heating effects caused by direct magnetic stimulation 
(excitation) of susceptible particulates will also become applicable. Small ferrous oxide 
particles such as those used in this work prove difficult to heat effectively due to eddy 
currents as both the size of the individual particles, their clusters (or groups) and their 
homogeneity within the material is not conducive to the type of joule heating effect 
achieved by a typical frequency of application. Heat is produced in this case by nature of 
the hysteresis effects[42] within each particle and is more dependent on magnetic field 
strength and field density. The hysteresis effect causes friction heating as the particles 
are repeatedly taken through magnetic hysteresis loops.[4,43]  
Induction heating from an OMF is used widely on an industrial scale for welding and 
melting metals. Also, induction sealing has been extensively used for six decades for 
hermetic sealing of different thermoplastic packages with no effect on the contents.[44] 
Adzima et al. have investigated the use of induction heating to provide the energy for 
healing Diels-Alder crosslinked networks.[41] More recently, Ahmed et al. produced a 
multifunctional healable material through induction heating of a polyvinyl acetate 
nanocomposite.[4]  
It would be possible to harness the energy transfer of an OMF to iron oxide particles within 
PU thermoplastic adhesive[45] to produce a debond-on-demand composite adhesive 
(Scheme 1).[46] OMFs, particularly those of the frequency domain used in this work, do 
not have a heating effect on many commonly bonded materials such as wood, plastic and 
glass. This overcomes problems associated with melting or degrading the bonded 







Scheme 1: Concept schematic of a healable and OMF debondable Fe3O4 composite 
adhesive: A) the PU-composite bonding two substrates; B) application of OMF from an 
inductor which heats the adhesive via energy dissipated from hysteresis loss in Fe3O4 
particles and C) the supramolecular bonds in the PU network weakened by the heat, 
allowing facile debonding of the substrates. 
Herein, we describe the synthesis of the first composite adhesive that can be heated and 
therefore readily debonded on exposure to an OMF. This is achieved by the addition of 
iron oxide particles to the PU, which are known to be heated efficiently under OMF 
conditions.[47] We show that the composite adhesive can bond a range of substrates 
including glass, wood, aluminum and polyvinyl chloride (PVC), and can be rapidly heated 
to facilitate debonding when placed in an OMF. 
  




Design and synthesis of the continuous PU phase of the adhesive 
PU adhesive 1 was synthesized from 3 components; a hydrogenated hydroxyl-terminated 
polyolefin diol 2 (Krasol HLBH-P2000), methylenebis(phenyl isocyanate) (MDI) 3 to afford 
the pre-polymer in the absence of solvent[48] (4) which was end-capped by the addition 
of 4-(2-aminoethyl)morpholine (5) (Scheme 2). The chemical composition of the polymer 
was selected because we have previously demonstrated closely related materials to be 
non-toxic and to be adhesive to biological surfaces.[33] The polymer was isolated in a  
yield of 80% after precipitation into methanol (10.3 kg.mol-1, Đ=1.63).  
 
Scheme 2: synthesis of the polyurethane (PU1). Each chemical structure is also denoted 
schematically (ratio of OH:NCO = 1:1). 
Films suitable for tensile testing were cast from THF in PTFE moulds (15 × 15 cm) and 
dried slowly under vacuum for 18 h. Residual solvent could not be detected by either 1H 
NMR spectroscopy or DSC analysis (see supporting information Figures S1 and Figure 
S2 respectively). Variable temperature analysis of the polymer by 1H NMR spectroscopy 
in solution and IR spectroscopy in the solid state revealed the presence of the expected 
hydrogen bonding interactions between the urea and urethane components (see SI 
Figures S3 and Figure S5). 




A series of composites were produced from PU1 which differed in the quantity of iron 
oxide particles incorporated (up to 20 wt%). Each composite was formulated by melt 
processing. The required wt% of iron oxide particles was hand mixed with a known 
quantity of PU1 above the melting temperature of the polymer (100 °C, see SI Figure S14) 
to produce six composite samples which varied by the filler loading level (1, 5, 8, 12, 16 
and 20 wt%).  
Initial adhesion studies were carried out by applying a circular sample of the 8 wt % 
composite (ca. 2 mg, 2 mm diameter, 0.6 mm thickness) to the surface of untreated 
sample of different substrates: wood, aluminum, PVC and glass. Then bonding two such 
sample surfaces together in a lap joint form. The prepared samples were placed on a 
preheated hot plate at 80 C for 3 minutes on each side. After cooling to room temperature, 
all the samples had bonded securely, and they could be handled without breaking. 
Regardless of the bonded substrate material, the composite showed the ability to hold a 
static load of 100 g (Figure 1). 
 
Figure 1: Substrates (A) wood, (B) PVC, (C) aluminium and (D) glass bonded by 2 mg of 





Visual inspection of the adhered glass slides showed that the iron oxide particles were not 
homogeneously dispersed throughout the PU in the bonded samples.[31] Figure 2 shows 
the images taken of each wt% composite as viewed through the adhered glass slide. 
During the bonding process the polymer has flowed outward resulting in a final diameter 
of approximately 7 mm (starting diameter = 2 mm) (See SI Figure S7), accounting for the 
spoke-like distribution of the particles. It can be seen that the samples all contain dense, 
black, highly aggregated regions (approximately 20 - 80 microns particle clusters) and 
cloudy-looking regions where the particles are more evenly dispersed. The area covered 
by the particles, whether aggregated or finely dispersed was determined by comparison 
of the dark and light regions by image analysis (Table 1).  
 
 
Figure 2: Black and white pictures of the composites taken with macro lens to investigate 





Table 1: The formulated iron oxide particle loading level and the coverage of particles 
(from Figure 2) for each composite as determined from the images of the adhesives using 
ImageJ. 
The deviation between the area covered by the iron oxide particles and the known loading 
may be accounted for by the low energy formulation of the composite by hand mixing 
which did not efficiently separate the highly magnetic iron particles.[49,50] Thus, the 
dense areas contain particles in three dimensions, but they are only observed in two 
dimensions in the processed image of the adhesives. Indeed, the fabrication of adhesives 
with higher filler loading levels was not attempted as a consequence of  the difficultly in 
dispersing the particles using this low energy formulation technique even at 20 wt% Fe3O4. 
However, the inhomogeneity of the composites clearly did not prevent adhesion (Figure 
1) and, therefore, attention turned towards quantifying the effect of the level of filler on 
both bond strength and potential debond-on-demand properties of the adhesive. 
Adhesive testing 
Each composite (1-20 wt% filler) and the pristine PU1 that did not contain Fe3O4 were 
used to bond two glass slides together, as described during the imaging experiments. We 
selected the commercial adhesive, TecbondTM 484-9900, which is delivered by a hot glue 
gun, as a typical commercial example to compare our novel composite adhesives to in 
terms of materials properties. The bonding properties of the adhesives were measured in 
the lap sheer geometry. These data are summarized in Figure 3 which shows the ultimate 
tensile strength (UTS), Young’s modulus and modulus of toughness for each of the 
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Figure 3: Lap shear tensile data for composites containing varying quantities of iron oxide 
particles compared with a commercially available hot melt adhesive. Mean values are 





No significant differences were observed in the UTS, Youngs Modulus or modulus of 
toughness between PU1 and each of the different wt% composites which indicate that 
although the presence of filler does not inhibit the adhesion ability of the PU, it does not 
significantly improve the mechanical properties of the materials as often observed for 
inorganic fillers.[51] This may be accounted for by the inhomogeneity of the dispersion of 
the filler (Figure 2), but may also be as a consequence of the lack of molecular scale 
interaction between the filler and PU. A similar result was obtained by Hayes and co-
workers when studying healable materials containing gold nanoparticles.[52] In this work, 
enhanced mechanical properties were only observed in the materials when specific 
recognition motifs were installed to allow supramolecular interactions between the filler 
and the continuous phase. Gratifyingly, all the novel adhesives performed comparably to 
the commercial sample, with the 1% Fe3O4 exhibited an improvement in UTS and modulus 
of toughness of 210% and 67%, respectively. 
 
Hysteresis Heating Experiments 
After establishing the adhesive nature of the composites, their response to hysteresis 
heating conditions was investigated. A circular sample (ca. 2 mg) of each composite was 
placed on a petri dish with a sample of PU1 in the middle for comparation (Figure 4 A1). 
The petri dish was placed on top of the OMF generating inductor (Figure 4 A2) and the 
change in temperature of the samples was monitored using a thermal camera. The images 





Figure 4: Photograph (A1) and schematic (A2) of the composite samples (1 to 20 wt%) placed 
in a ring around a sample of PU1 above the inductor used to produce the OMF. (B1 to B4) 
Thermal images of the samples showing the temperature change between 5 seconds and 1 
minute of exposure to the OMF. 
 
Analysis of the thermal images show the sample of PU1 that does not contain Fe3O4 is 
not heated in the presence of the OMF. In this heating geometry, where the samples are 
positioned above the inductor, the 20 wt% sample was heated to approximately 50 °C in 
one minute, whereas the temperature of the composite samples containing less than 8 
wt% Fe3O4 were heated to approximately 27 °C, which was only just above ambient (23 
°C) over the same time period.  
 
Hysteresis Heating Debonding Experiments 
In order to study the debond-on-demand properties of the composite adhesives, an 
industry standard dog bone-shaped tensile strength test piece was halved, the cut 
surfaces were sanded and then re-bonded in butt joint form using 2 mg of the adhesive 
by heating at 60 °C for 30 mins in an oven. The butt joint form was used in order to 
effectively eliminate any vertical sheer ‘friction’ load from the test results. After cooling, the 




in the centre of a three-turn solenoidal inductor and a 25 g weight was hung from the 
bottom end (Figure 5).  
 





Figure 6 shows the time required for bonding failure for composite adhesive samples 
containing increasing wt% of particles. It can be seen that among adhesives containing 
between 1 and 20 wt% iron oxide particles, OMF induced debonding occurred at 
decreasing times (307.5 and 22.5 seconds for 1 and 20 wt%, respectively). A greater 
loading of particles converts an increasing amount of energy from the OMF to heat, 
reducing time required to reach the temperature necessary for the sample to debond 





Figure 6: Debonding time for the composite adhesives under hysteresis heating 
condition. Mean values are reported above each bar. Errors are the standard deviations 
from the mean of 2 repetitions. 
Conclusion 
In conclusion, a PU-based adhesive was synthesized that could adhere to different 
substrates including wood, aluminum, glass and PVC under thermal conditions. 
Dispersion of unmodified Fe3O4 particles up to 20 wt% was achieved by a simple melt 
processing protocol. Although in-homogeneously dispersed, the composite adhesives 
exhibited bond strengths comparable to a commercial hot melt adhesive. The composites 
could be heated by interaction with an OMF generated by a three-turn solenoidal inductor. 
The rate of heating derived from a constant source field was dependent on the loading 
level of iron particles. Debond-on-demand tests were carried out by placing the butt-joint 
bonded section of a dogbone sample in the center of the inductor and applying a 25 g 
weight. The time taken to debond the system under the force of gravity was inversely 
related to the loading level of the filler, reducing from over 5 minutes to less than 30 
seconds as the filler loading increased from 1 to 20 wt%. This work shows that OMFs may 
be used to heat iron oxide composite adhesives in order to facilitate joint debonding. 
However, it is worth noting that this method of heating may be deemed less suitable when 
applied to joints containing other ferromagnetic or conductive materials, due to the fact 
that those joint materials may heat preferentially (compared to the composite adhesive) 
when exposed to the OMF. Although such preferential heating could lead to softening and 






















conduction from the bonded substrate, as opposed to being entirely due to slective heating 
of the composite particulate. We are currently investigating how to improve dispersion of 
the particles in efforts to improve the strength of the adhesive without compromising the 
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Notes 
GSD and SWB work for Stanelco RF Technologies Ltd who manufacture various types 
of industrial heating equipment utilising RF technology. 
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EXPERIMENTAL: 
Materials: 4,4′-Methylenebis(phenyl isocyanate) (MDI) (Sigma-Aldrich, 98%), 4-(2-




(Sigma Aldrich) was used as received. Tetrahydrofuran (THF, 0.025% BHT) (Fisher 
Scientific) was distilled from sodium/benzophenone under nitrogen to obtain anhydrous 
THF. Krasol HLBH-P2000 was kindly supplied by Cray Valley and was dried overnight in 
vacuum oven at 100 °C at 900 mbar prior to use. The dog-bone shaped plastic substrate 
for OMF testing were supplied by Biome Bioplastics Ltd (reference HT90), a sister division 
of Stanelco RF Technologies Ltd. 
Methods: 1H and 13C NMR spectra were collected using a Bruker UltrashieldTM Plus 400. 
Samples were prepared in CDCl3 with 0.5 mg of polymers in 0.7 mL solvent. The residual 
proton peak for the solvent was set to 7.26 ppm. Polymer molecular weight data were 
obtained using gel permeation chromatography (GPC). This was conducted using an 
Agilent Technologies 1260 Infinity system equipped with a refractive index (RI) detector 
and two Agilent PLgel 5 µm MIXED-D 300×7.5 mm columns in series calibrated with low 
Đ polystyrene standard and eluting with analytical grade THF (2 mg/mL) with butylated 
hydroxytoluene (BHT). Samples were dissolved in the same solvent (2 mg/mL) and 
filtered through a syringe filter (0.2 µm). Data were processed using standard Agilent 
GPC/SEC software in comparison to polystyrene standards. Differential scanning 
calorimetry (DSC) experiments were carried out using Tzero aluminum pans with TA 
Instruments Q2000. 0.7 mg of each polymer film was heated from -80 °C to 200 °C at a 
rate of 10 °C /min under an N2 atmosphere. Both variable temperature IR and room 
temperature IR spectra were collected using PerkinElmer Spectrum 100 FT-IR 
Spectrometer. Tensile test data were recorded using AML instrumentsTM single column 
tensiometer while the samples were stretched at the speed of 1 mm/min.  
Synthesis of the PU1:[24,33] KrasolTM HLBH-P2000 (12.6 g, 6.00 mmol) and MDI (3.15 
g, 12.60 mmol) were heated to 80 C for 3 hours under nitrogen to form the pre-polymer. 
The mixture was cooled to room temperature and dissolved in anhydrous THF. 4-(2-
aminoethyl)morpholine (3.59 g, 13.20 mmol) was added to the solution and the reaction 
reflux at 80 °C under N2 for 3 hours. THF was then removed in vacuo. The polymer 
dissolved in chloroform and then precipitated in methanol. The solvent was decanted, and 




1H NMR (400 MHz, CDCl3) : 7.15 – 7.05 (aromatic H), 6.6 (urethane NH), 5.4 - 5.2 (urea 
NH), 4.25 – 4.01 (diol CH2CH2O), 3.4 – 3.3 (end group NHCH2CH2), 3.7 – 3.6 (end group 
OCH2CH2), 3.9 – 3.8 (MDI CCH2C), 2.5 – 2.4 (end group CH2CH2N), 2.1 – 0.6 (diol chain 
H). 13C NMR (400 MHz, CDCl3) : 136.11, 129.7-129.41, 121.77, 118.87, 77.80 – 76.81, 
66.92, 53.34, 40.61, 38.87 – 37.87, 36.81 – 36.11, 34.10 – 33.24, 30.67  29.77, 27.10 – 
25.87, 11.1 – 10.3, , GPC (SI Figure S13) Mn= 10.3 kg.mol-1, Đ=1.63.  
Casting of PU films: The polymer was dissolved in THF at room temperature and poured 
into a 15 cm x 15 cm PTFE mould and left at room temperature for 5 hours during which 
time a tacky film formed. The mould was then placed into a vacuum oven at 40 ºC and 
800 mbar overnight for complete removal of the residual solvent. After cooling down to 
room temperature the homogeneous, bubble-free polymer film was easily removed in one 
piece from the mould.  
Composite formation: Six composite samples which varied by the filler loading level (1, 
5, 8, 12, 16 and 20 wt%) were produced using 1.0 g of the PU1 film. The film was placed 
on a PTFE plate and heated to 100 C on a preheated hot plate. When the polymer 
viscosity decreased sufficiently to allow mixing of the iron oxide (See SI Figure S14 for 
rheology data), the appropriate amount of iron oxide was added and stirred until further 
mixing did not visually change the appearance of the composite.  
Lap shear sample preparation: Using a 2mm circle cutter, ~ 2 mg of each composite 
film was cut and sandwiched between two glass slides to adhere them (total weight of 10 
samples = 21 mg). The glass slides were secured using paperdog clips to minimize 
movement during adhesion. The samples to be bonded were placed on a preheated hot 
plate at 80 C for 3 minutes on each side. After cooling down to room temperature, the 
paper clips were removed, and the samples were ready for testing (SI Figure S6).  
Lap Shear: The bonded glass slides were placed between the grips of the tensiometer 
and separated at a speed of 1 mm/min while the change in stress versus changes in strain 
was recorded.  
Dog-bone sample preparation: The dog-bone shaped plastic pieces were cut in half and 




each composite was sandwiched between two pieces to re-attach the sides. The pieces 
were then secured using bulldog clips. Samples were then put inside an oven at 60 C for 
30 mins. After cooling down to room temperature, the bulldog clips were removed, and 
the samples were ready for testing (SI Figure S8).  
Imaging and image processing the composites: After preparing the samples, a clip 
macro lens was attached to an iPhone 8 camera. The samples were backlit to increase 
the image contrast and black and white images were obtained for each sample. Images 
were then processed using ImageJ software to assess the ratio of black (iron oxide 
particles) to white (PU1).  
Tecbond 484-9900 testing: A glue gun was used to continuously extrude Tecbond 484-
9900 on a PTFE plate with the same thickness as our composite films (appx 0.8 mm). A 
circle with 2 mm diameter was cut using a die and placed between two glass slides which 
were fixed with 2 paper clips to minimise movement during adhesion (weight of 10 
adhesive samples = 26 mg). Samples were place on a pre-heated hot plate (80 C) for 3 
min before turning and heating for a further 3 min. After cooling to room temperature the 
paper clips were removed prior to stress/strain testing as described above. 
OMF debonding experiment:  A prepared dog-bone shaped sample was suspended 
vertically through the axis of the solenoidal inductor (Figure 5) and a 25 g weight was 
attached to it. An OMF (as specified below) was applied and the time required for the 
adhesive to fail was recorded. 
OMF generator specification: The OMF generator used (Model RFP-7500-0.4) had a 
maximum rating of 7.5kW, and was operating at 308 kHz with a maximum of 800A AC 
current passing through a short-length solenoidal induction coil (L= 2.9 cm, d = 3.5 cm, 
number of turns = 3). In this experimental setting a magnetic field strength of 5000-10000 
A.m-1 was calculated to have been generated in the centre of the solenoidal inductor. 
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1- 1H NMR and 13C NMR Spectra 
 
 




2- DSC Thermograms 
 
Figure S 2:The DSC experiment was carried out using Tzero aluminum pans in a DSC 
Q2000 instrument. 0.7 mg of the sample was heated from -80 °C to 200 °C by rate of 10 




















Figure S3: Partial VT-NMR (500 MHz) spectra of PU 1 showing changes in chemical 
shifts of NH group of urea and urethane between 1.5 and 30 ºC (arrows over signals at c. 
5.4 and 6.6 ppm). 
In Figure S3 arrows are pointing at the resonances representing NH groups of urea and 
urethane linkages. The downfield shift of these resonances results from an increase in 







4- IR spectra and variable temperature IR spectra 
 





Figure S5: VT-IR Spectra of the adhesive film. 
The VT-IR experiment was performed on a thin film. The sample was placed between two 
discs of the metal sample holder. The temperature shown are the temperature of the 
sample holder. The integration of the N-H peak was carried out between 3200 to 3400 
cm-1 for each temperature. As the temperature of the sample increased, the intensity of 
the signal indicative of a hydrogen bonded NH (3320 cm-1) decreased (≈ 14%), confirming 
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5- Unprocessed images of the adhesives  
 
 










Figure S 8: Photo of dog-bone shaped samples for debonding experiment under OMF 
condition prior to heating in and oven. 
 
6 - Tensile Tests 
 









Figure S 10: Lap shear test result of three repeats of the glass slides samples adhered 
by the TecbondTM hot glue. 
2 mg of TecbondTM hot glue was used to adhere two glass slides which were then tested 
under the same conditions as used previously for the nanocomposite materials. Samples 
placed between the tensiometer grips and then pulled at a speed of 1 mm/min. The above 


















Figure S 11: GPC eluograms of the PU and the Krasol HLBH-P2000. 
 
GPC eluograms of the PU and the starting diol (Krasol HLBH-P2000) in THF stabilised 
with Butylated hydroxytoluene. PU: Mn = 10300 Da, Mw = 6300 Da, Đ = 1.63. KrasolTM 




Figure S 12: Storage (solid lines) and loss (hashed lines) modulus of the 8 wt% composite 
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